Introduction
The geochemistry of the McMurdo Dry Valleys (MCM) soils has been investigated for over 40 years. These hyperarid soils accumulate salts and the origins of these salts, their sources, and the processes involved in their accumulation have been the subject of debate (Gibson 1962 , Bowser et al. 1970 , Claridge & Campbell 1977 , Keys & Williams 1981 . The atmospheric input of ions such as NO 3   -, SO 4 2-, Cl -, and Ca 2+ contribute greatly to the longterm geochemistry of the MCM soils. Yet the flux of these individual salts to the soils has not been established. The calculation of elemental fluxes from snow pit and/or ice core data is not new, as the desire to understand past atmospheric loadings has been a major preoccupation of climatologists and palaeo-atmospheric chemists alike. In this work, we are not interested in the atmospheric concentration, as such, but rather how the atmospheric input varies spatially. Although there is evidence that a percentage of the cations of these salts can come from the weathering of minerals in the soils, this appears to be a major process only where abundant liquid water is available, such as in the hyporheic zone of the stream channels or lake margins (Nezat et al. 2001 , Green et al. 2005 . It is now clear that the largest accumulation of salts, especially the anions, come from atmospheric input (Keys & Williams 1981 , Graham et al. 2002 . Recent stable isotopic measurements in the MCM soils have demonstrated an atmospheric source for sulphate and nitrate salts (Bao et al. 2000 , Sheppard et al. 2002 , Michalski et al. 2005 . The nitrate is wet deposited from tropospherically and stratospherically produced HNO 3 (Michalski et al. 2005) . Sulphate may be dry deposited in sea salt, or oxidized sulphur compounds may be deposited by precipitation. The two modes of sulphur deposition are geographically separate in the MCM, with higher proportions of sea salt sulphate near the coast and higher proportions of non-sea salt sulphate at higher elevations (Bao et al. 2000) . Chloride salts are also marine-derived and dry deposited as their abundance decreases inland, away from the marine source (Keys & Williams 1981) . Much of the readily soluble Ca 2+ found on the landscape may be introduced as dust from aeolian transport (Lyons et al. 2003 , Foley 2005 , although the ultimate source of the dust is thought to be local, as opposed to long-distance (Fortner et al. 2005) .
In this paper, we use snow pit profiles and snow accumulation rates from a number of glaciers in the MCM region to establish the geographical variation in the flux of these salts for the first time as a contribution to the Latitudinal Gradient Project ( Howard-Williams et al. 2006) . The fluxes determined from the glaciers provide a highly accurate quantification of the net flux of these salts to the MCM, as conventional measurements of snowfall have proven to be extremely difficult in this environment. Because the atmospheric deposition of nitrate is the primary source of nitrogen input to the soils and high soil salinities inhibit invertebrate populations (Powers et al. 1998 , Nkem et al. 2005 , these measurements have important ecological implications. We present the regional aeolian fluxes of NO 3 -, Cl -, and Ca 2+ for the MCM. These ions were chosen, in part, because their sources are very different and represent input from the stratosphere, the marine troposphere, and local dust, respectively.
Study sites
The MCM are the largest ice-free region in Antarctica and consist of soils, glaciers, ephemeral streams and perennially ice-covered lakes. This location is a polar desert ecosystem and has served as a Long-Term Ecological Research (LTER) site since 1993. Mean annual temperatures range from -30.0 to -14.8ºC depending on the site and the period of measurement (Doran et al. 2002) . In general the valleys exhibit a distinct north-south gradient, with Victoria Valley being the coldest valley and Taylor Valley the warmest. Mean annual wind speed increases with proximity to the polar plateau, with strong winter katabatic winds being a primary meteorological feature of this region (Doran et al. 2002) . These winds flow essentially west to east and are thought to have a major influence on aeolian deposition in the valleys (Lancaster 2002 , Fortner et al. 2005 . During summer however, the dominant wind direction is onshore carrying a higher marine aerosol loading (Bertler et al. 2004b ).
On MCM glaciers, the altitude delineating the zone of mass accumulation from ablation, the equilibrium line altitude (ELA), has a positive relationship to distance inland (Fountain et al. 1999b) . The sampling sites in Taylor Valley were located at least 100 m above the estimated ELA (Fountain et al. 1999b) . Although there have been no direct observations of melting at the sampling site altitudes, sporadic ice lenses suggest that at least partial melting occurs occasionally. Annual layers of snow may be 498 REBECCA A. WITHEROW et al. 1988-1999 9% redistributed by the high winds in Taylor Valley and sastrugi have been observed in snow pits. The effect of this mixing on the preservation of annual layers varies according to the glacier being studied, for example, annual layers were not discernable in the Canada Glacier and Rhone Glacier snow pits, yet the layers appeared to be well preserved in both snow pits on the Commonwealth Glacier (Fig. 1 ).
Materials and methods
Glacier ice has long been utilized to determine the variation and flux of chemicals from the atmosphere to polar regions (e.g. Legrand & Mayewski 1997) . Research on the glaciochemistry of the MCM until recently has been focused either on a few chemical species (Mayewski & Lyons 1982) or on the surficial composition of the snow (Lyons et al. 2003) . Some work has tied the variation with respect to time of the chemistry of glacier ice to that of climatic changes (Welch 1993 , Bertler et al. 2004a , 2004b . Chemical measurements from snow pits on five glaciers were obtained in this work (Fig. 1 (Williamson 2006) . In addition, we include surface measurements from the Howard Glacier, Taylor Valley (Lyons et al. 2003) and snow pit data from the Newall Glacier (Welch 1993) 
Taylor Valley snow
After the initial excavation of the snow pit using standard avalanche shovels, the sampling wall face was scraped off using polypropylene shovels that had been cleaned by successive soakings in 18 MΩ MilliQ™ water. The snow was prepared for sampling by using a spatula to loosen the section. The sampling device was then slid into the snow layer and gently manipulated to loosen the compacted snow. The snow sample was placed into a 500 mL HDPE container that had been previously soaked overnight and rinsed three times with 18 MΩ MilliQ™ water at Crary Laboratory and transported to the field site empty.
Samples remained frozen until immediately prior to analysis at McMurdo Station using a Dionex DX-120 ion chromatograph (IC). The technique, a modification of Welch et al. (1996) , implements a sample loop of approximately 400 μL for all standards and samples. A Dionex IonPac AS14 analytical column (4 x 250 mm) and AG14 guard column (4 x 50 mm) were used with an ASRS Ultra Anion Self-Regenerating Suppressor to analyse major anions. The eluent was a 3.5 mM Na 2 CO 3 and 1.0 mM NaHCO 3 solution with a pump flow-rate of 1.2 mL·min -1 . Cations were analysed using the Dionex IonPac CS12A analytical column (4 x 250 mm), a CG12A guard column (4 x 50 mm), and a CSRS Ultra Cation Self-Regenerating Suppressor. The 1.3% methanesulphonic acid eluent had a flow-rate of 1.2 mL·min -1 . A stock standard solution was created from several singleelement standards. The multi-element stock standard was diluted to produce six calibration standards with a range of concentrations that covered the estimated concentrations of the samples. Analytical and filtration blanks were run before, during, and after samples. An independent multielement standard was analysed after creating a calibration curve to satisfy quality assurance and quality control. Several sample duplicates were analysed for recovery comparisons and were used for precision analysis. Maximum analytical variability between samples was ± 3.3% for Cl -, ± 10.9% for Ca
2+
, and ± 14.4% for NO 3 -.
Victoria Valley snow
Snow pit samples were collected with 1 cm resolution. Ca 2+ concentrations (VLG snow profile) were measured using Dionex™ ion chromatography with Dionex IonPac CS12 column and a 20 mM methanesulphonic acid eluent. Cl -and NO 3 -(VLG snow profiles) were measured with a Dionex AS11 column, 6.0 mM NaOH eluent for both reproducibility within ± 3% (n = 213) and ± 10% (n = 46) for low concentration (1-10 μg·L -1 ) samples. Samples (BVG snow profile) were analysed for Ca 2+ using a PerkinElmer Optima 3000 XL axial inductively coupled plasma optical emission spectrometer with a CETAC ultrasonic nebulizer (ICP-OES-USN). Yttrium was used as an internal standard. External quality control samples were run every ten samples. Reproducibility was within < ± 5% (n = 130). Control samples of frozen ultrapure water (18 MΩ MilliQ™) were measured with both systems and show that no significant contamination occurred during sampling and processing of the samples.
Flux calculations
Two snow pits on the Commonwealth Glacier were dated with a ± 1 year accuracy using Na + peaks, which commonly define the autumn when low sea-ice extent and high maritime winds deposit large amounts of sea salt on glacial surfaces (Legrand & Mayewski 1997) . Seasonal variations in the chemistry input and gross beta activity measurements were used to date the Newall Glacier and Victoria Lower Glacier snow profile record with ± 5 years and ± 1 year accuracies respectively (Welch 1993 , Bertler et al. 2004b . The isotopic values from the Victoria Lower Glacier were converted to temperature using 2 m surface temperature data from Lake Vida (provided by the McMurdo Dry Valleys Long-Term Ecological Research Project) (Bertler et al. 2004b) . The comparison between Scott Base, Marble Point, and MCM-LTER summer temperatures indicates a common climate history (Bertler et al. 2004a) . This relationship was applied to tune the isotope record of the remaining snow profile (BVG) to Scott Base summer temperatures (Bertler et al. 2006) . Annual accumulation was calculated using measured density and snow layer thickness.
Mass balance measurements have been recorded on several glaciers in the MCM since 1993 (Fountain 2005) .
Mass balance averages of individual stakes in or near the accumulation zones of the Canada, Commonwealth, and Howard Glaciers were identified and compared against elevation (Fig. 2) . Locations above the equilibrium line altitude (ELA) typically show little variation in precipitation with elevation. Because precipitation is independent of elevation, it is appropriate to assume that sample locations on the Canada and Rhone Glaciers receive approximately 3 cm·yr -1 (water equivalent), similar to other accumulation zones in the MCM.
Flux data, f i , were calculated, and where C i is the average concentration of an analyte in a snow pit and b is the average annual accumulation rate. Because the Commonwealth Glacier has defined annual layers, fluxes were evaluated using two other approaches to check the precision and to avoid potential errors exclusive to Eq. (1). The first approach is defined as,
and where C i is the mean concentration of an analyte over the entire depth of the snow pit. b 1 is the mean annual accumulation where d is the depth of the snow pit and t is the time represented by that pit. The second approach utilizes the discrete layers to calculate the average of the annual fluxes for all represented years given year, f ann , 1 1 Howard Glacier (Fountain et al. 1999b) . Table II . Snow pit location, concentration, and flux data. Data from the Newall Glacier are from Welch (1993) . Concentration data from the Howard Glacier are from Lyons et al. (2003) . (1) (3) and where f j is the flux for any given year, C j is the average concentration for a given year, and b j is the accumulation rate for that year. These calculations were within 99% of the primary determination.
Results
Fluxes were calculated for all glaciers with known accumulation rates (Table II) . The patterns of the geochemical fluxes to these glaciers are spatially complex due to the variety of local sources and proximity to them. The highest fluxes of NO 3 -and Cl -occur on the Victoria Lower Glacier and the lowest are on the Howard Glacier. The Howard Glacier has by far the highest flux of Ca 2+ and the Rhone Glacier has the lowest. The Victoria Lower Glacier is separated from the Ross Sea by a 22.5 km expanse of Wilson Piedmont Glacier. The Howard Glacier is centrally located in Taylor Valley and is adjacent to the Nussbaum Riegel and surrounded by exposed soil, the likely source of calcium dust (Fig. 1) .
The glaciers examined in this study can be grouped by their relative geochemical abundances and locations. The Victoria Lower and Commonwealth Glaciers are at the lowest elevation, closest to the sea, and are characterized by fluxes where Cl -> Ca 2+ > NO 3 -. The Ross Sea is likely to be the dominant contributor of chloride and a relatively large contributor of calcium in the form of marine aerosol. The marine aerosol Ca 2+ flux (based on Cl -data and the Ca:Cl seawater ratio) is the largest for these two glaciers, but it is
only 9-15% of the total Ca 2+ input, suggesting important dust contributions also. The Canada and Howard glaciers, which are situated mid-valley at moderate elevations, differ in that their fluxes are Ca 2+ > Cl -> NO 3 -. These glaciers are surrounded by ice-free areas and are dominated by local dust deposition and receive only 1.1% and 0.2% of their calcium from marine sources. The glaciers at the highest elevations and farthest inland, the Rhone and Newall glaciers, have geochemical fluxes of Cl -> NO 3 -> Ca 2+ . These glaciers are likely to be more influenced by long distance chloride and nitrate from the Antarctic plateau and receive relatively little local aeolian input compared to other glaciers in the MCM.
Generally, the chloride flux decreases with increasing elevation (Fig. 3) . This suggests that the dominant source of chloride originates from the ocean and/or the valley floor as opposed to stratospheric introduction of HCl. Because ELA in the MCM has a relationship with distance inland (Fountain et al. 1999b) , it is difficult to distinguish which variable, either distance inland or elevation, dominates. This is demonstrated in a less well-defined relationship between distance inland and chloride flux (not shown). The weak relationship may be a result of variations in local topography, which inhibit the distribution of sea salt. Calcium flux generally displays a similar decreasing pattern with increasing elevation as was observed by Lyons et al. (2003) (Fig. 4) . The glaciers at lower elevations receive moderate to high Ca 2+ fluxes due to calcium from sea salt aerosols and proximity to a local dust source such as the valley floor. Calcium and chloride show poor correlations with accumulation (not shown). The nitrate flux in the Taylor Valley has a positive relationship with accumulation indicating that wet deposition dominates (Fig. 5) .
Discussion
Although the soils of the MCM are mostly developed from the weathering of glacial tills, salt deposits can account for > 40% by volume (Claridge & Campbell 1977) . This is due to the great exposure age of many of the soils (Marchant & Denton 1996) , the long-term atmospheric input of salts and their concentration resulting from evaporation/sublimation processes, and lack of substantial leaching. It is clear from our work and from previous research that the geochemistry of both surface snow and cryoconite holes on the glaciers and the soils in Taylor Valley varies with elevation and proximity to the ocean (Keys & Williams 1981 , Lyons et al. 2003 , Porazinska et al. 2004 . The flux of windblown particulate matter (i.e. dust) also varies geographically in the MCM (Lancaster 2002) , and this too is reflected in the surface snow of the glaciers (Lyons et al. 2003) . Claridge & Campbell (1977) noted a strong relationship between rock type and the composition of salts in TransAntarctic Mountain soils, indicating that mineral weathering contributes to salt accumulation in these soils. However, the variation in distribution of salts such as NaCl and NaNO 3 strongly suggests that atmospheric deposition is an extremely important process in adding salts to the MCM soils (Keys & Williams 1981 , Bockheim 1997 . The concentrations of these soluble salts increase linearly with time and are greatest in the xerous soils (i.e. soils with low moisture primarily derived from vapor) of equivalent age compared to the subxerous (moderate moisture) and ultraxerous (ultra-low moisture) soils (Bockheim 1997) . Na + is the dominant soluble cation in most soils, while the anion distribution is related to location, with Cl -most abundant in the lower elevation, coastal sites, and NO 3 -at the higher elevation, more inland sites (Keys & Williams 1981 , Bockheim 1997 . Bockheim (1997) estimated the annual accumulation of atmospherically derived salt in MCM to be between 360 and 680 μg·m -2 , depending on the location, essentially decreasing inland. For the most inland, ultraxerous soils, the atmospheric contribution accounts for 90% of the total soluble salt in the soils; only ~15% of the total input has been retained suggesting that there is a considerable leaching in these soils (Bockheim 1997) .
In Taylor Valley, the primary location of the MCM-LTER project, soil conductivity is highest approximately 30 km inland, in the Lake Bonney basin, where soil invertebrate abundance is typically very low (Barrett et al. 2004) . Throughout Taylor Valley there are low C:N ratios of the mineralizable pools in the soils and N availability exceeds the biotic demand . This is thought to be due in large part to the importance of the atmospheric deposition to the overall N pool in these soils. Nitrate, in combination with other salts, has been shown to inhibit nematode colonization in the MCM (Nkem et al. 2005) . Soil salinity also plays an important role in the biodiversity patterns of the MCM and perhaps has a greater impact than soil moisture (Nkem et al. 2005) . For example, the two most common nematodes, Scottnema lindsayae and Plectus antarcticus, display remarkably different tolerances to both salt composition and concentration (Nkem et al. 2005) . Because the soil communities in the MCM largely consist of these and other single-celled organisms, atmospheric deposition of salts may be critical in dictating the abundance and diversity of Antarctic biota.
Although the measurement of precipitation is one of the most basic parameters needed to describe the climatological conditions of an environment, the direct measurement of precipitation in Antarctica in general, and the MCM in particular, has proven to be extremely difficult (Bull 1971 , Keys 1980 . The reasons for this are complex -a large contribution to accumulation can be from blowing snow rather than direct input (Keys 1980) , the rapid sublimation and evaporation of snow can occurafter deposition (Keys 1980 , Fountain et al. 1999a , and there are difficulties in collecting snow fall in windy conditions (P. Doran, personal communication 2005) . Bull (1971) estimated the average annual snowfall in the MCM region to be 15 cm of water. The measured annual precipitation in MCM has ranged from 0 to 50 cm (Keys 1980 , Bromley 1985 . There are marked precipitation gradients in the MCM with more snow in the eastern and far western regions with snowlines lowest in the east (Keys 1980 , Fountain et al. 1999b . The limited amount of actual precipitation measurements has led investigators to report the recent annual precipitation in water equivalent to be < 10 cm (Keys 1980 , Doran et al. 2002 . This value compares well to a recent assessment of snow accumulation on the East Antarctic Ice Sheet since the 1950s (Monaghan et al. 2006) . To date, snow accumulation in the upper region accumulation zones of the glaciers in the MCM have been utilized as the most direct measurement of net accumulation of snow (Anderton & Fenwick 1976 , Fountain et al. 1999b .
Little detailed information exists regarding precipitation rates in the MCM except for that determined by us and others on the glaciers themselves. The consensus is that the precipitation rate is < 10 cm·yr -1 water-equivalent throughout the valleys (Fountain et al. 1999a) but is highly variable. At Lake Vanda over a three year period, snowfall water-equivalent varied between 10 and 0.6 cm (Bromley 1985) . The relative humidity on the valley floors is low with the annual mean ranging from 74% at Explorer's Cove at the coastline to 62% at Lake Bonney and 55% at Lake Vanda (Doran et al. 2002) . Any snow can be rapidly sublimed and the ions within the snow left behind in the soils. This is especially the case at higher elevations where little to no liquid water is observed (Marchant & Denton 1996) . Alley et al. (1995) presented a model relating elemental fluxes to atmospheric concentration and ice (snow) accumulation where: (4) where K 1 is the dry deposition velocity, K 2 is the scavenging ratio for precipitation and C i is the concentration of the analyte in the ice (snow). If K 1 and K 2 are constants, a plot of flux versus ice (snow) accumulation should yield a straight line with K 2 C i as the slope and K 1 C i as the intercept. The intercept can be taken as an approximation of the dry deposition rate (Alley et al. 1995) . Only NO 3 -flux vs snow accumulation produced a relatively straight line (r 2 = 0.8), firstly suggesting that K 1 and K 2 are relatively constant for nitrate. The low y-intercept (4.4 μmol·m -2 ·yr -1 ) suggests that dry deposition of nitrate in Taylor Valley is extremely low.
The Howard Glacier has the highest non-sea salt Ca
2+
concentrations in its accumulation zone of any glacier investigated in Taylor Valley (Lyons et al. 2003) . Similarly high particulate matter concentrations observed on Taylor Valley glaciers are also found in the Howard Glacier surface snows (Lyons et al. 2003) . These two observations suggest that local dust, enriched in Ca
, is the source. This Ca 2+ rich dust originates from higher elevations above the lower reaches of the Taylor Glacier (Fig. 1) and is transported into Taylor Valley during strong wind events from the polar plateau (Foley 2005) . This dust can be differentially distributed onto the glacier surfaces (Lancaster 2002) , causing variations in the local glacier surface geochemistry (Lyons et al. 2003) . The valley soils must be affected in the same manner as the glaciers. The dust flux probably contributes to heterogeneity in the soluble geochemistry of the soils. Although the total Ca 2+ concentration in the soils is clearly dominated by the bedrock composition of the tills, a more labile source of Ca 2+ comes from the dust (Foley 2005) . This dust derived Ca 2+ can be converted to CaCO 3 and possibly other Ca 2+ rich materials in the soils. The relationship between NO 3 -flux and snow accumulation may be a result of volatilization from the glacier surface. Previous work in both Antarctica and
Greenland has demonstrated that in regions with low snow accumulation rates, NO 3 -is lost from the snowpack (Jones et al. 2001 , Röthlisberger et al. 2002 . This postdepositional loss of NO 3 -is caused by release of HNO 3 -and/or photolysis with the latter being more important at the lowest snow accumulation sites (Röthlisberger et al. 2002) . Our results provide a comprehensive look at salt deposition in the intermediate elevations of the MCM region. Marine aerosol dominates the input of Cl -with higher fluxes relative to snow accumulation only very close to the coast and at low elevations. Ca 2+ input can be modified extensively by aeolian inputs. The NO 3 -flux is highest where snow accumulation rates can limit postdepositional loss. Based on the data in Fig. 5 , the amount of snow accumulation should be the primary driver for NO 3 -input into the soils.
The higher elevations of these valleys have very old surfaces that have not been affected by either marine incursion or lake level fluctuation for millions of years (Marchant & Denton 1996) . In these cases, the soils have been accumulating ions via precipitation and subsequent sublimation over very long periods of time resulting in salt accumulation (Bao et al. 2000 , Bockheim 2002 ). Superimposed on this process is the redistribution of salts and aluminosilicates from the bedrock and the soils via aeolian transport (Lancaster 2002) . This dust can be transported to the highest elevations of the valleys, as evidenced by ice core investigations in the Asgard Range , even though the rates of aeolian redistributions are among the lowest for desert environments globally (Lancaster 2002) .
On some valley floors, like that of the Taylor Valley, as lake levels rise, the previously deposited salt is solubilized and incorporated into the lake water. Over time as the climate cools and lake levels drop, salts are concentrated into the more saline, hypolimnia (Lyons et al. 1998 . This exposes the valley floor as soil again (as opposed to lacustrine benthos) and the accumulation in soils via precipitation begins another cycle. The resultant elemental distributions by these processes have been termed "legacy" (Moorhead et al. 1999 , Burkins et al. 2000 . Therefore the concentration of salts and the nature of the salt in soils in the MCM region represents a combination of geographic location and elevation that, in part, reflects variations in snow accumulation, the age of the surface and how it relates to its last aquatic submergence and the input and output of dust (especially for CaCO 3 ).
Conclusions
We have determined the fluxes of Ca 2+ , Cl -and NO 3 -to nine glaciers in the McMurdo Dry Valleys. These data provide important new information about the unusual atmospheric input of salts into this polar desert landscape. The data suggest that variation in snowfall is a major influence on NO 3 -input, and other geographic parameters such as proximity to the ocean, elevation, and variation in dust deposition influence elemental fluxes to the landscape. These results indicate that snow pit data can serve as an important source of spatial geochemical information in this environment. Clearly data from other glaciers in the region would add greatly to our overall understanding of the spatial variability in atmospheric deposition to the MCM. However, direct measurements of atmospheric input are needed on the valley floors themselves in order to truly quantify the fluxes at the lowest elevations in these valleys. It is hoped that information such as that presented here, coupled with data on past lake level fluctuations will greatly aid in understanding salt accumulation processes in the MCM soils.
